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Abstract 
Background: Leishmania (L.) killicki is responsible for the chronic cutaneous leishmaniasis. The 
taxonomic status of this parasite is still not well defined. It was suggested on one hand to include 
this taxon within L. tropica complex but also on the other hand to consider it as a distinct 
phylogenetic complex. The present work represents the more detailed study on the evolutionary 
history of L. killicki relative to L. tropica and the taxonomic implications.  
Methods: Thirty five L. killicki and 25 L. tropica strains isolated from humans and from several 
countries were characterized using the MultiLocus Enzyme Electrophoresis (MLEE) and the 
MultiLocus Sequence Typing (MLST) approaches.  
Results: The genetic and phylogenetic analyses strongly support that L. killicki belongs to L. 
tropica complex. The study suggests the emergence of L. killicki by a funder effect followed by an 
independent evolution from L. tropica, but does not validate the species status of this taxon. In this 
context, we suggest to call this taxon L. killicki (synonymous L. tropica) until further 
epidemiological and phylogenetic studies justify the L. killicki denomination.  
Conclusions: These findings provided taxonomic and phylogenetic informations on L. killicki and 
helped to better know the evolutionary history of this taxon.  
Keywords 
Leishmania killicki, Leishmania tropica, evolutionary history, phylogeny, isoenzymatic 
polymorphism  
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1. Background 
Leishmaniases are tropical neglected diseases caused by Leishmania parasites and transmitted to 
mammals via infected bites of Phlebotomine sandflies of the genus Phlebotomus [1]. In humans, 
these diseases are responsible for cutaneous (CL), mucocutaneous (MCL) and visceral (VL) clinical 
manifestations.  
Since the description of the genus Leishmania Ross, 1903, the classification methods have 
considerably evolved. Indeed, from 1916 to 1987, the classification was descriptive of Linnean type 
based on simple extrinsic characters, such as clinical forms, geographical distribution and 
epidemiological cycles. This method leads to the subdivision of the genus Leishmania into the two 
sub-genera Leishmania and Viannia [2, 3].  
Since the eighties, the biochemical classification based on isoenzymes studies has been developed. 
This approach has itself evolved from the classical Adansonian type where isoenzymes were not 
considered as evolutionary characters to the numerical cladistic approach using isoenzymes as 
evolutionary markers [4-8]. These analyzes have participated to the description of several 
Leishmania complexes in the Old and the New Worlds. However, the complete numerical phenetic 
and phylogenetic study was performed by [9] who identified four main groups of the Old World 
Leishmania and [10, 11] who defined eight complexes and two groups of the New World 
Leishmania respectively.  
Currently, the numerical taxonomic technique based on isoenzyme analysis is considered as the 
reference method for Leishmania genus classification and is continuously applied enabling the 
updating of some complexes classification and the analysis of the geographical distribution and the 
epidemiological features of several leishmaniasis foci [12, 13]. Nevertheless, the drawbacks of this 
approach such as the requirement of a mass culture of Leishmania and the relatively poor 
discriminatory power and the appearance of the DNA-based techniques conducted to the 
development of the genetic classification methods.  
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Since the nineties, several genetic approaches targeting nuclear and/or kinetoplastic markers have 
been used for  Leishmania phenetic and phylogenetic studies including PCR- sequencing [14], 
nested-PCR [15], RAPD [16, 17], SSCP [18, 19], MLST [20], MLMT [21, 22], PCR-RFLP [23, 
24], HRM [25], and AFLP [26]. These techniques have contributed to the epidemiological, control 
and therapeutic advances on leishmaniases. However, generated taxonomic data required the 
revision of the genus Leishmania classification [27, 28]. 
The Multi Locus sequence typing (MLST) is one of the most appropriate approaches for taxonomic 
studies because it provides data on genetic variations in housekeeping genes. Since 2006, this 
approach has been increasingly used for phylogenetic investigations helping to understand 
epidemiological and transmission features of many Leishmania complexes [20, 29-33]. 
Nevertheless, having regard to the complexity of leishmaniases and the rarity of realized studies 
using this technique, several taxa need to be deeply explored [34].  
Leishmania killicki is a recently described taxon, compared to other Leishmania parasites, causing 
CL in Maghreb: Tunisia [35], Libya [36] and Algeria [37]. The taxonomic status and the 
evolutionary history of this parasite relative to L. tropica are based on very few studies and samples. 
The numerical taxonomic analysis using the Multilocus Enzyme Electophoresis (MLEE) approach 
has first included this parasite within L. tropica complex [9, 38]. Nevertheless, after the revision of 
the genus Leishmania classification, it was considered as a separate phylogenetic complex [39]. 
Recently, an updated study by [12] has confirmed the first classification and has included L. killicki 
within L. tropica complex. Phenetic and phylogenetic studies using the MLMT [40], PCR-
sequencing [41] and MLST [31] techniques have classified L. killicki within L. tropica and have 
suggested a closer genetic link with L. tropica from Morocco. Nevertheless, these data were 
obtained by the analysis of a low number of L. killicki strains (seven in total): two strains were 
analyzed in [40], two in [41] studies and three in [31]. In this context, the present study had for 
objective to conduct a MLST study on a larger number of L. killicki and L. tropica strains. The main 
goal was to investigate the evolutionary history of L. killicki and to study the taxonomic 
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implications. The present data endorse undoubtedly that this taxon belongs to L. tropica complex 
and descends from L. tropica by a founder effect. This event would have led to a loss of genetic 
diversity and to a different population, both genotypically and phenotypically. This subpopulation, 
after its adaption in new ecosystems, now appears to evolve and spread independently from L. 
tropica. Nevertheless, currently no data allow validating the species status of L. killicki. These 
findings could help to have insights into the epidemiology, phylogeny and taxonomy of this 
parasite. 
2. Methods 
2.1.  Origin of strains  
In order to study the evolutionary history of L. killicki relative to L. tropica and the taxonomic 
implications, the strains were selected to belong to different geographic origins and to have various 
zymodemes. A total of 62 strains of L. killicki (n=35), L. tropica (n=25), L. major (n=1) and L. 
infantum (n=1) were analyzed. These strains were isolated from human cutaneous lesions except the 
strain of L. infantum which was isolated from a human visceral leishmaniasis case.  Among these 
strains, 53 were selected from the Cryobank of the Centre National de Référence des leishmanioses 
(CNRL) (Montpellier, France) and nine L. killicki were collected by the team of the Laboratoire de 
Parasitologie - Mycologie Médicale et Moléculaire (Monastir, Tunisia) during epidemiological 
investigations. 
Forty eight strains among which 34 of L. killicki (Algeria n=6, Libya n=1, Tunisia n=27) and 14 of 
L. tropica from Morocco were analyzed for the first time by the MLST technique.  
The L. killicki strain (LEM163) MHOM/TN/80/LEM163 was previously analyzed by MLST and 
published in Genbank under the accession number KC158820 (see [31]). The eleven remaining L. 
tropica strains were chosen to be isolated from several countries (Egypt n = 1, Greece n = 1, Israël n 
= 2, Jordan n = 2, Kenya n = 3, Yemen n = 2). These strains were also previously typed by MLST 
and their sequences were published in Genbank under the following accession numbers: KC158621, 
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KC158637, KC158643, KC158677, KC158682, KC158683, KC158690, KC158696, KC158711, 
KC158722 and KC158761 (see [31]).  
The two strains of L. major (LEM62) MHOM/YE/76/LEM62 and L. infantum (LEM75) 
MHOM/FR/78/LEM75 previously typed by MLST were used as out-groups [31].  
2.2. Isoenzymatic identification  
All studied strains were identified by MLEE using 15 enzymatic systems according to [9]. The 15 
enzymes investigated were : malate dehydrogenase (MDH, EC 1.1.1.37), malic enzyme (ME, EC 
1.1.1.40), isocitrate dehydrogenase (ICD, EC 1.1.1.42), phosphogluconate dehydrogenase (PGD, 
EC 1.1.1.44), glucose-6-phosphate dehydrogenase (G6PD, EC 1.1.1.49), glutamate dehydrogenase 
(GLUD, EC 1.4.1.3), diaphorase NADH (DIA, EC 1.6.2.2), nucleoside purine phosphorylases 1 and 
2 (NP1, EC 2.4.2.1 and NP2, EC 2.4.2*), glutamate oxaloacetate transaminases 1 and 2 (GOT1 and 
GOT2, EC 2.6.1.1), phosphoglucomutase (PGM, EC 5.4.2.2), fumarate hydratase (FH, EC 4.2.1.2), 
mannose phosphate isomerase (MPI, EC 5.3.1.8) and glucose phosphate isomerase (GPI, EC 
5.3.1.9).  
2.3. DNA extraction  
Genomic DNA of culture parasites was extracted using the QIAmp DNA Mini Kit (Qiagen, 
Germany) following the manufacturer’s recommendations and eluted in 150 µl. 
2.4. Analysis by Multi locus sequence typing (MLST) 
The 48 strains of L. killicki (n=34) and L. tropica (n=14) were typed on the seven loci coding for 
single copy housekeeping genes developed and optimized by [31]. The step of amplification was 
performed by real-time PCR using the SYBR Green method (Light cycler 480 II, Roche). The 
amplified products were sequenced on both strands (Eurofins MWG, operon, Germany) and 
obtained sequences were aligned and checked in both directions using the CodonCode Aligner 
software v.4.0.1 (Codon Code Co., USA). Polymorphic sites (PS) and ambiguous positions 
corresponding to heterozygous sites (HS) were identified for each strain in each locus using the 
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same software. The DnaSP software v.5 [42] was used to calculate the number of haplotypes from 
concatenated sequences.  
The Neighbor Joining (NJ) tree, where each strain represents a different haplotype, was constructed 
on duplicated nucleotide sites by the MEGA 5.10 software using the Maximum Composite 
Likelihood model and 500 bootstrap replications [43]. This software was also used for the 
identification of amino acid variations between L. killicki and L. tropica. 
3. Results 
3.1. Isoenzymatic identification 
The isoenzymatic characterization of the 62 studied strains was conducted either during the present 
study or during previous investigations. Fifty three strains were previously analyzed by MLEE at 
the Centre National de Référence des leishmanioses and the nine strains collected by the team of the 
Laboratoire de Parasitologie - Mycologie Médicale et Moléculaire (Monastir, Tunisia) during the 
epidemiological investigations were identified for the first time by the same technique [12, 35-38, 
44-46]. The first step of the study was to reanalyze the strains by MLEE at the Centre National de 
Référence des Leishmanioses (Montpellier, France). 
In all, 17 zymodemes were identified with three for L. killicki, 12 for L. tropica and a single 
zymodeme for each strain of L. major and L. infantum (Table1). For L. killicki, a new zymodeme 
(MON-317) was identified for the first time from a single Tunisian strain (LEM6173) 
MHOM/TN/2010/MET300), and added to the known zymodemes MON-8 (n=28) and MON-301 
(n=6). The enzymatic profile of the zymodeme MON-317 strain differs by FH from zymodeme 
MON-8 [35], MDH, ME, GOT1, GOT2 and FH from zymodeme MON-301 [37] and MDH, GOT1, 
GOT2 and FH from zymodeme MON-306 [47] (Table 2). For L. tropica, the zymodemes were 
previously identified and confirmed by [12, 44]: MON-54 (n=1), MON-71 (n=2), MON-102 (n=5), 
MON-109 (n=3), MON-112 (n=2), MON-113(n=3), MON-114 (n=1), MON-119 (n=3), MON-137 
(n=2), MON-200 (n=1), MON-264 (n=1) and MON-265 (n=1) (Table 1). 
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3.2. Sequence analysis 
The obtained sequences of L. killicki (n=34) and L. tropica (n=14) strains were analyzed in both 
directions for the seven loci and submitted to GenBank and accession numbers have been assigned: 
KM085998-KM086333. 
The loci sizes were identical to those reported by [31], except for the locus 12.0010 for which the 
length of sequences was only 579 pb instead of 714 pb, giving a concatenated sequence of 4542 pb 
(Table 3). Chromatograms were clear at all investigated loci, polymorphic (PS) and heterozygous 
sites (HS) corresponding to ambiguous positions with two peaks were easily identified. No tri-
allelic site was detected. 
3.3. Genetic polymorphisms in L. killicki and in L. tropica 
In all, 95 (2.09%) polymorphic sites (PS) of which 59 (1.3%) heterozygous positions (HS) were 
identified for the 60 L. killicki and L. tropica strains. The number of PS varied from six (1.23%) for 
the locus 31.2610 to 21 (2.6%) for the locus 31.0280 (Table 3).  
For L. killicki, we obtained 11 (0.24%) PS corresponding all to heterozygous positions. The locus 
31.2610 was the most polymorphic with three (0.61%) PS. However, for the locus 12.0010 no PS 
was identified. For L. tropica, 87 (1.91%) PS among which 48 (1.06%) HS were found. The 
number of PS varied from six (1.23%) for the locus 31.2610 to 19 (2.36%) for the locus 31.0280 
(Table 4). 
Mutations between these two taxa were also analyzed at the amino acid level and heterozygous 
mutations were excluded from this analysis. In all, 55 mutations were identified of which 29 silent 
substitutions and 26 resulted in altered amino acid residues (Table 5). All L. killicki mutations 
corresponded to a single amino acid. However, for L. tropica more than one amino acid was 
observed for the same mutation site.  
3.4. Phylogenetic analysis of L. killicki  
Totally, 32 haplotypes were obtained with 10 out of 35 strains for L. killicki and 22 out of 25 strains 
for L. tropica. Twenty seven unique haplotypes were identified among which eight for L. killicki 
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and 19 for L. tropica. No common haplotypes were obtained between these two taxa. The strain of 
L. killicki MON-317 had its own haplotype (Table 6). The Neighbor Joining tree using the 32 
strains representing all identified haplotypes was constructed based on the concatenated sequences 
and duplicated nucleotide sites to avoid the loss of genetic information in ambiguous positions (Fig. 
1). The phylogenetic tree showed that L. killicki belongs to L. tropica but creates a separate and 
monophyletic group sustained by 96% of bootstrap replicates. The L. killicki cluster groups together 
all the strains of this taxon from the different countries without clear structuring and low 
polymorphism (see Fig. 1). In contrast, L. tropica revealed a high polymorphism with strong 
structuring supported by high values of bootstrap accordingly to the country of origin for Kenya and 
Yemen. The larger group supported by a bootstrap of 98% was composed of all the strains from 
Morocco with other strains from various countries.  
4- Discussion 
Despite the small number of strains and the different molecular tools and analytic methods used 
previously for the study of L. killicki [9, 12, 31, 38, 40], this parasite was mostly included within L. 
tropica complex except in the study of [39] in which it was considered as a separate phylogenetic 
complex. In this context, the present study had for objective to improve the knowledge of the L. 
killicki phylogeny and its evolutionary history relative to L. tropica by using a larger sample of L. 
killicki from different countries.  
The phylogenetic analyses performed in this study confirm the position of this taxon within L. 
tropica in agreement with the previous biochemical and genetic findings. The close phylogenetic 
relationships between these two taxa were also revealed by the low number of polymorphic sites 
compared to those found by [30, 31] between various Leishmania species. The phylogenetic tree 
shows that L. killicki, all countries included, creates an independent monophyletic group within L. 
tropica with high bootstrap value and no common haplotypes between them. Nevertheless, this 
taxon is included in L. tropica complex and from our data, nothing justifies the species status of L. 
killicki. Furthermore, regarding the diversity of L. tropica complex and the multiple monophyletic 
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branches in this complex, if we consider L. killicki as a species, L. tropica complex would be 
composed of many species. In this context, we suggest to call this taxon L. killicki (synonymous L. 
tropica) as it was done before for L. chagasi (synonymous L. infantum) [9, 11, 48, 49]. Further 
epidemiological and clinical studies in the different countries where this taxon was reported will say 
whether the L. killicki denomination should be maintained.  
From an evolutionary point of view, these data suggest strongly that L. killicki would descend from 
L. tropica due to only one funder effect. This hypothesis is supported by the structure of the 
phylogenetic tree and biochemical and genetic data. Indeed, the isoenzymatic characterization 
showed a low number of L. killicki zymodemes compared to those of L. tropica. This low 
polymorphism in L. killicki was confirmed by the low numbers of PS, HS and haplotypes and 
amino acid variations. The analysis of the phylogenetic tree suggests that the origin of L. killicki 
could be L. tropica from the Middle East. This ancestor would have separated in L. tropica in 
Morocco and other countries on one hand and L. killicki in several countries on the other hand.  
Finally, the data suggest that L. killicki is now evolving independently from L. tropica by the lack 
of shared haplotypes and the identification of the new zymodeme MON-317 and its own haplotype. 
The independent evolution of these two taxa is probably due to different transmission cycles, 
zoonotic for L. killicki [50, 51] and both anthroponotic and zoonotic types for L. tropica [44, 52, 
53].  
Since all the L. killicki isolates from different countries are in the same cluster, presenting a low 
polymorphism and no structuring, we cannot define by these analyses the precise evolutionary 
history of this taxon and in particular the country in which it emerged for the first time. From the 
epidemiological data, higher genetic diversity and especially the relatively high number of cases 
described compared to the other countries [35, 54-56], it is likely that this taxon has emerged for the 
first time in Tunisia and then has spread in other Maghreb countries. Nevertheless, this should be 
studied further.  
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5- Conclusion 
In conclusion, the present work allowed to better know the evolutionary history and the taxonomic 
implications of L. killicki in relation to L. tropica. However, more investigations need to be carried 
out on this model and particularly a detailed population genetics analysis would lead to a better 
understanding of the epidemiology and population dynamics in comparison to L. tropica.  
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